Cbfa1 (core binding factor alpha 1) is a transcription factor that is a key determinant of the osteoblastic lineage. Recent data showed that Cbfa1 is also highly expressed in early stages of tooth development and is involved in crown morphogenesis and cytodifferentiation of odontoblasts. Here we report the mRNA expression and protein localization of Cbfa1 in the mouse dentition in (later) stages of crown and root development. In addition to osteoblasts, osteocytes, chondrocytes, odontoblasts, dental follicle cells, cementoblasts and periodontal ligament cells, we report also Cbfa1 expression in dental epithelial cells (secretory and maturation ameloblasts) and several non-mineralizing cell types (hair follicles, ducts of salivary glands, and junctional epithelium of the gingiva). q
Materials and methods
Paraf®n sections of upper and lower jaws of 0±21 days old mice were hybridized with 35 S-labeled sense and antisense riboprobes to Cbfa1 (nucleotides 573±1387, , counterstained with hematoxylin-eosine (H&E). Cbfa1 protein was visualized by immunostaining with a Cbfa1-speci®c antiserum raised in rabbits to a synthetic 26 amino acid peptide, representing the N-terminal portion of Cbfa1 (amino acid 69±95, Ducy et al., 1997) using the ABC-peroxidase/ABC-alkaline phosphatase technique, counterstained with methylgreen (MG).
Results
Cbfa1 mRNA and Cbfa1 protein localized in great numbers in cells of the dental follicle (the soft connective tissue surrounding the developing teeth, Figs. 1, 2 and 4), and in late secretory and maturation ameloblasts (Figs. 3±5), the latter often in clusters (Figs. 4 and 5) . Ameloblasts overlying the enamel-free cusps contained Cbfa1 transcripts and protein as well (not shown). No expression was seen in early cap enamel organ cells but weak expression of mRNA and protein emerged later in presecretory and secretory ameloblasts.
Many transcripts were also noted in the periodontium during all stages of root formation (Figs. 6±10): in periodontal ligament, in (cellular) cementoblasts, cementocytes (Figs. 11 and 12) , osteogenic tissues including periosteum, osteoblasts and osteocytes embedded in bone (Figs. 13±17), but not in osteoclasts. The forming periodontium contained a decreasing gradient of transcripts and immunostaining from crown to the root tip (Fig. 10) . Most cells embedded in the cellular cementum expressed Cbfa1 mRNA and Cbfa1 protein to various degrees but some were negative.
During root formation epithelial root sheath at the leading edge of the root tip ± involved in inducing root formation ± was negative (Fig. 10) . Later this epithelium layer seemed to be disrupted by penetration of Cbfa1-positive ®broblast-like cells from the forming periodontal ligament (Figs. 13 and 14) .
Compared with pdl cells and osteoblasts expression of Cbfa1 in odontoblasts was low (Figs. 3, 6, 13 and 14) . Other sites of low to moderate expression and immunostaining were junctional epithelium (Figs. 8, 15 and 16) , interdental papilla (gingival ®broblasts and epithelium, Fig. 8 ), perichondrium and chondrocytes (particularly hypertrophic chondrocytes), hair follicle cells and ducts of salivary glands (data not shown). Figs. 1±7. In situ hybridization (Fig. 1 , H&E, epipolarization; bar: 50 mm) and protein staining (Fig. 2 , MG, bright®eld; bar: 50 mm) of Cbfa1 in a cusp from a day 0 molar. Weak expression for mRNA ( Fig. 1) is seen in the pulp (p) and odontoblastic (o) layer. Preameloblasts (pa) in the enamel organ are negative. The dental follicle (df) contains substantial numbers of transcripts. Note that for presentation purposes the immunoreaction was overstained to enhance the (weak) staining in pulp and odontoblasts and to verify negative staining in the epithelial enamel organ. B, bone. Fig. 3 . In situ hybridization for Cbfa1 in a 8-day ®rst molar tooth germ (H&E, bright®eld; bar: 100 mm). Secretory ameloblasts (sa) contain very low levels of transcripts but Cbfa1 is strongly upregulated in late secretory stage-early maturation ameloblasts (ma). Note that hardly any transcripts can be seen in the odontoblast (o) layer bordering dentin (D) in contrast to many transcripts in overlying bone (B). E, enamel. Figs. 4 and 5. In situ hybridization (Fig. 4 , H&E, bright®eld; bar: 45 mm) and protein staining (Fig. 5 , MG, bright®eld; bar: 30 mm) for Cbfa1 in maturation phase ameloblasts in 14-day ®rst molar. A cluster of maturation ameloblasts (ma) along enamel (E) at the bottom has multiple transcripts (Fig. 4) . Many transcripts are also present in osteogenic cells along margins of bone (B) tissue. The immunostaining (Fig. 5) shows a small group of intensely stained maturation ameloblasts (ma) along enamel space (ES) whereas other ameloblasts stain much less. Df, dental follicle; eo, enamel organ. Fig. 6 . In situ hybridization during root formation in a 14-days-old ®rst molar tooth germ (H&E, dark®eld; bar 150 mm) shows strong hybridization in the developing periodontal ligament (pdl) along the forming roots (r), dental follicle/osteogenic tissue (asterisks) and bone (B). Clusters of maturation ameloblasts (ma) along enamel space (ES) also contain many transcripts. Less transcripts are present in odontoblasts (o) along dentin (D). HRS, Hertwig's epithelial root sheath cells. Fig. 7 . Cbfa1 protein staining in forming periodontium from an 8 day incisor (cross-section, no counterstaining; bar: 50 mm). Periodontal ligament (pdl) cells stain strongly, odontoblasts (o) less and pulp cells (p) hardly. B, bone; bv, blood vessel; D, dentin.
Figs. 8±17. Cbfa1 mRNA transcripts in interdental papilla between ®rst and second molars from an erupted 21 day old molar (Fig. 8 ; H&E, epipolarization; bar: 100 mm). The junctional epithelium (je) in contact with the enamel (ES, enamel space), periodontal ligament (pdl) and cells along the bone crest (B) are positive. Note that along the surfaces of bone and root expression is higher than midway of the ligament. D, dentin. Fig. 9 . Cbfa1 immunostaining in cells of the periodontal ligament (pdl) particularly those along acellulair cementum (arrows) deposited against root dentin (rd) (Erupted 21 day old molar; MG, bright®eld; bar: 100 mm). Note that that there is hardly any staining in odontoblasts (o), emphasizing the difference in expression between these cells and the pdl cells. Fig.  10 . Cbfa1 immunostaining in the periodontal ligament (pdl) decreases towards the growing apical end of the roots from an erupted 21 day old molar (MG, alkaline phosphatase-conjugated immunocomplex overdeveloped in presence of levamisole; bar: 150 mm). Rectangle indicates the area where cellular cementum is being formed. Similar areas are shown in detail in Figs. 11 and 12 . B, bone; rd, root dentin; p, pulp; HS, Hertwig's epithelial root sheath. Figs. 11 and 12. Cbfa1 mRNA transcripts (Fig. 11 , H&E, epipolarization; bar: 50 mm) and protein (Fig. 12 , MG, bright®eld; bar: 25 mm) during formation of cellular cementum (CC). Cells at the border of the cellular cement (cementoblasts, cb) as well as those incorporated within the cementum matrix (cementocytes; Fig. 12 , arrows) express mRNA (Fig. 11) and protein ( Fig. 12 ; alkaline phosphatase-conjugated immunocomplex overdeveloped in presence of levamisole). Figs. 13 and 14. Cells from forming periodontal ligament (pdl) positive for Cbfa1 protein (Fig. 13 , MG, bright®eld; bar: 50 mm) and mRNA (Fig. 14, H&E , bright®eld; bar: 50 mm) seem to migrate (Fig. 13, arrows) into the Cbfa1-negative) layer (Fig. 14, arrows) covering the root dentin. O, odontoblasts of the root; DF, dental follicle forming periodontal ligament; B, bone; bv, blood vessel; (s)a, secretory ameloblasts. Figs. 15 and 16. Cbfa1 mRNA expression (Fig. 15 , H&E, epipolarization; bar: 100 mm) and protein (Fig. 16 , MG, bright®eld; bar 100 mm) in the junctional epithelium (je) in contact with the enamel (ES, enamel space) from an erupted 21 day old molar. Osteocytes and osteoblasts of the bone (B) as well as periodontal ligament cells (pdl) are positive whereas gingiva (G) is negative. D, dentin. Fig. 17 . Detail of Cbfa1 protein staining of osteoblasts (ob) and osteogenic cells along the alveolar bone surrounding a growing 1 day old molar tooth germ (no counterstain; bar: 40 mm). Bv, blood vessel.
Discussion
Cbfa1 is the earliest and most speci®c marker gene of osteoblast differentiation known (Ducy et al., , 1999 Franceschi, 1999; Ito, 1999) . Evidence to support the role of Cbfa1 as crucial for differentiation of osteoblasts was provided by genetic studies in Cbfa1 (2/2) mice which completely lacked bone Komori et al., 1997) . Phenotypic changes in Cbfa1 (1/2) mouse littermates closely resembled those seen in human cleidocranial dysplasia (CCD; Lee et al., 1997; Mundlos et al., 1997) . More recent studies with transgenic mice strongly suggested that Cbfa1 is also required for maintaining the differentiated state of osteoblasts in postnatal stages (Ducy et al., 1999) , although the presence of Cbfa1 transcripts or proteins in fully differentiated osteoblasts/osteocytes in situ has not yet been reported.
We recently reported that in Cbfa1 (2/2) mice cuspal pattern formation and histodifferentiation of the enamel organ were abnormal resulting in a complete arrest of tooth development in cap stage prior to differentiation of odontoblasts and ameloblasts (D'Souza et al., 1999) . Here we report that Cbfa1 mRNA and protein are also highly expressed in most of the differentiating and all fully differentiated cells involved in tooth formation in wildtype mice (cf. Jiang et al., 1999) . Thus, dental abnormalities seen in CCD patients (Rushton 1937 (Rushton , 1956 Hitchin, 1975; Jensen and Kreiborg, 1990 ) may be directly result from Cbfa1 dysfunction in tooth forming cells. The presence of Cbfa1 in fully differentiated cells supports the concept that Cbfa1 is required in maintaining fully functional cells, at least in bone (Ducy et al., 1999) .
Remarkably low levels of expression were noted in differentiated odontoblasts unlike high expression levels of other mineralizing connective tissues, which suggests that the odontoblastic lineage diverges from the osteogenic lineage in this respect.
Finally, our data show that Cbfa1 expression is not restricted to osteogenic/chondrogenic lineage but also to other cell types (Komori et al., 1997; Otto et al., 1997) .
